We experimentally demonstrate optical trapping of 87 Rb atoms using a two-color evanescent field around an optical nanofiber. In our trapping geometry, a blue-detuned traveling wave whose polarization is nearly parallel to the polarization of a red-detuned standing wave produce significant vector light shifts that lead to broadening of the absorption profile of a near-resonant beam at the trapping site. A model that includes scalar, vector, and tensor light shifts of the probe transition 5S 1/2 -5P 3/2 from the trapping beams; weighted by the temperature-dependent position of the atoms in the trap qualitatively describe the observed asymmetric profile, and explained differences with previous experiments that used Cs atoms. The model provides a consistent way to extract the number of atoms in the trap.
I. INTRODUCTION
The small mode volume of evanescent field atom traps engender strong atom-light interactions without the need for a cavity [1] . The recent demonstration of trapping 133 Cs with an optical nanofiber (ONF) [2] -and a stateinsensitive variant [3] -mark an important experimental realization of these systems. Their high optical depth (OD) allows for efficient dispersive readout [4] and strong nonlinear interactions, and they could potentially realize collective effects such as superradiance [5] . The success of ONF traps has inspired a growing effort to trap atoms in the evanescent field of nanophotonic waveguides [7, 8] . This regime of strong coupling opens the door to the study of long-range interactions and the formation of so-called atomic mirrors [10] or the observation of selfcrystallization [11, 12] . Furthermore, low loss ONFs [13] have been proposed as part of a hybrid quantum system coupling photons to atoms to superconducting circuit elements [14] [15] [16] .
Optical dipole trapping of atoms is a well developed technology applied to numerous atomic species. The extension of optical trapping to evanescent fields of an ONF shares similarities with dipole trapping with free space beams, but has one distinction -the evanescent field may have a substantial longitudinally polarized component of the electric field. This can lead to surprisingly large differences in the absorption of probe light for two different species, even when they are both alkali atoms (e.g. Rb and Cs), due to the effects of the vector light shift.
Our system traps atoms with two lasers, achieving trap depths of a few hundreds of microKelvin. We cannot simply determine atom number by the absorption of a probe beam by an optically thick medium with a Lorentzian line shape. Distinct asymmetries are observed that we trace to the effects of the vector light shifts associated with the optical trapping fields, and their inherent elliptical polarization with an appreciable component along the direction of propagation. Although Rb and Cs are nominally atoms with very similar atomic structure, the light shifts can in fact be quite different, with differential light shifts much larger in Rb than Cs, leading to a modified absorption profile.
The paper is organized as follows. Sec. II outlines the experimental setup. We present experimental confirmation of our trap in Sec. III. We introduce a theoretical model based on light shifts, finite atom temperature, and population redistribution in Sec. IV, and use it to study the inhomogeneous absorption profile. Sec. V summarizes our findings and provides an experimental outlook.
II. SETUP
Our system consists of a main science chamber with a load-lock chamber equipped with a precision UHV manipulator. We transfer ONFs from the load-lock chamber to the science chamber without breaking the science chamber vacuum. The science chamber maintains a pressure of 10 −9 mbar. We produce the ONF by thinning a single-mode fiber (Fibercore) in an in-lab setup [13] . The ONFs typically have greater than 99 % transmission for waists with diameters of 500 nm and lengths from 1 mm to 10 cm. The data presented in this paper are taken using an ONF with a waist of 530 nm diameter and 7 mm length, with a tapering region of 39 mm in length.
A magneto-optical trap (MOT) loaded from a background vapor of 87 Rb produces a cloud of ∼ 10 8 atoms. We overlap the cloud with the ONF waist using magnetic field shim coils and the UHV manipulator. Two orthogonal imaging systems ensure alignment. Atoms fall into the ONF trap (on throughout the experiment) after 90 ms of increased MOT detuning and a 1 ms duration optical molasses stage. The sub-Doppler cooling during this loading stage yields MOT temperatures of ∼ 15 µK, as determined by time-of-flight measurements.
An ONF trap requires light tuned red of resonance (with respect to to the 87 Rb D lines to provide an attractive potential and light tuned blue of resonance to prevent atoms from striking the ONF surface. A 750 nm wavelength laser (Coherent 899 Ti:Sapphire, pumped by a Verdi 10) provides the repulsive force, and a 1064 nm wavelength beam (JDSU NPRO) in a standing wave configuration (to provide longitudinal confinement) provides the attractive potential. A potential minimum of a few hundred µK in depth is formed ∼200 nm from the fiber surface. All of the ONF trapping beams and the nearresonant probe beam are intensity-stabilized. The lock for the probe beam requires a sample-and-hold system to maintain stable powers when pulsed on for short (10 µs to 10 ms) times.
We measure atomic absorption with a weak, nearresonance beam (780 nm) coupled through the ONF, counting transmitted photons with avalanche photodiodes (APD, Laser Components COUNT-250C-FC) operating in Geiger mode. Because light levels near 10 pW saturate the APDs, great care must be taken to filter stray light and maintain low probe power. Three narrowline volume Bragg gratings (VBG, OptiGrate BP-785, 0.18 nm spectral bandwidth at 785 nm) filter amplified spontaneous emission from the Ti:Sapphire laser near 780 nm. A VBG at the output of the nanofiber serves as a mirror to direct signal to the APDs and as another filter to block in-fiber background induced by the blue trapping beam. This light due to either fluorescence or Raman scattering is the main source of background in the experiment. Two more bandpass filters further reduce background counts, and finally long-pass color filters (Thorlabs, FGL645) directly in front of the APD fiber couplers reduce short-wavelength background from stray light. A series of differing optical depth neutral density filters before and after the nanofiber allow us to vary the probe intensity while keeping light levels within the dynamic range of the APDs. TTL pulses from the APDs are counted with a field-programmable gate array (FPGA) and processed to extract absorption signals and full photon counting statistics.
III. EXPERIMENT
The absorption profiles are measured via an in-fiber analog of standard absorption spectroscopy. We use two probe pulses; the first pulse measures the atomic absorption signal (P at ), and the second pulse is a reference signal with no atoms (P 0 ). In between the two probe pulses, the 1064 nm trapping beam is turned off and a slightly blue-detuned laser from the MOT beam paths kicks away the trapped atoms. Based on the ratio of these probe signals, we calculate the measured transmission T = (P at − P bg )/(P 0 − P bg ), where P bg is the background APD signal with no probe light, with contributions from detector dark counts, and fiber-induced fluorescence. For a single Lorentzian lineshape with width Γ, one can easily estimate the optical depth OD by fit- 2 )] to the data. The total number N of trapped atoms is then given by OD/OD 1 , where OD 1 is the single-atom optical depth. We calculate OD 1 to be ∼ 2.8% by comparing the atomic cross section to the optical nanofiber mode area. Our measured absorption profile displays a markedly asymmetric lineshape (see Fig. 2 ). Therefore, it is not trivial to estimate the number of trapped atoms. Note that the maximum absorption sets a lower limit on the OD and number of trapped atoms, i.e. OD low = −Ln[T ]. Any broadening mechanisms only serve to reduce the maximum absorption for a given number of atoms. We will discuss this more in Sec. IV, where we develop a method to estimate the number of trapped atoms based on these asymmetric absorption profiles.
We observe trapping lifetimes (without any additional cooling) of approximately 23 ms, which can be explained by several factors (see Fig. 2 (Inset) ). Ref. [23] observed fiber torsional modes of several hundreds of kilohertz, close to the trap frequencies of an ONF trap. They posit that this might be a source of heating in these traps. In our case, due to small initial tensioning, these modes are expected to be at a much lower frequency, and less likely to be a source of heating. We obverse that our ONF exhibits large-amplitude transverse vibrations near 550 Hz. These are too low in frequency to produce heating (the trapping frequencies are hundreds of kHz) as it would be adiabatic motion in terms of the optical trap- ping potential. Though this is far away from any relevant trap frequency, the acceleration of the fiber may be high enough at times to affect loading, as the macroscopic motion of the trap is no longer adiabatic relative to the mean atomic motion. This lifetime is typical of ONF traps, which are generally shorter-lived than standard optical dipole traps, for reasons that are not yet fully understood.
We also study two different polarization configurations of the red-and blue-detuned trapping beams, one with parallel polarizations (PP) and one with cross polarizations (CP). The PP configuration requires lower intensities of blue-detuned light, but it generates larger vector light shifts and produces shallower traps. The CP configuration results in a deeper trap than the PP case, and the potential landscapes differ. The PP trap creates a ring-shaped potential around the nanofiber, but the CP case has deep, localized trap sites on either side of the nanofiber. In this paper, we chose the trapping geometry close to the PP configuration with an angle (23.5 • ) between the polarizations of red-and blue-detuned trapping beams because we measure a higher optical depth at the lowest point with this configuration. We do not have a reason that this particular polarization angle should produce optimal trapping.
IV. MODEL AND SIMULATION
To calculate the inhomogeneous broadening of the absorption line, we need to include the differential light shifts for atoms trapped in the optical fiber potential. This requires appropriate weighing over the polarization of the modes, the m-state distribution of the atoms, and the location of the atoms within the trap due to thermal motion. Qualitatively, lower temperature moves the profile to the blue as the atoms spend more time in higher intensity parts of the mode. A larger fraction of circular polarization shifts the profile to the blue due and broadens the blue-side of the profile due to the contributions of the vector light shifts. A complete description of the atomic absorption has contributions from homogeneous (natural linewidth) broadening L 0 (ω − ω ′ ) and inhomogeneous broadening n(ω ′ ), generally resulting in the symmetric Voight profile [17] as follows:
where I(ω) is the convolution of Lorentzian and Gaussian profiles. For the optical transition of 87 Rb atoms, we study the inhomogeneous broadening to consider the effects of the atomic temperature distribution, Zeeman-sublevel-dependent population distribution, and all the light shifts from 5S 1/2 and 5P 3/2 to all other upper transitions. This requires considering scalar, vector, and tensor light shifts, which can be large due to a non-negligible axial-direction electric field component in the fundamental mode HE11. inhomogeneous term nij (ω) can be defined for trapped atoms having a temperature T as follows:
where Z = V ef f exp (−Uij ( r)/(kBT )) dV ; Uij ( r) is the trapping potential of hyperfine ground states (5S 1/2 ); and ωij ( r) is the light-shifted optical transition frequency of 5S 1/2 to 5P 3/2 (n to n ′ ). Uij ( r) and ωij ( r), dependent on powers and polarizations of the two trapping beams, have spatial dependence and need to be integrated over the effective volume of a trap site. The atoms with a temperature T higher than a local trap potential |Uij ( r)|/kB are truncated in the calculation.
Here, we define a homogeneous profile including light shift broadening as follows:
where ∆Γ(ω ′ )/2 = ∆ω ′ is the broadened width of an optical transition ω ′ ; the standard deviations of state-dependent light-shifted optical transitions at each location r are calculated for a frequency ω ′ and averaged over all V ef f . We define transmission T (ω) (Sec. III) based on our definition of the inhomogeneous broadening of the optical transition as follows:
where nij (ω ′ ) and L(ω − ω ′ ) are defined in Eqn. (2, 3) , fi is determined by optical Bloch equations during optical pumping from the probe beam. |dij, q | 2 is the relative strength of the atomic dipole moment related to the polarization state q of the probe, the population of Zeeman sub-levels is fi, and the optical depth per atom is OD1 = σ0/A ef f (A ef f : effective mode area, σ0: scattering cross-section). This can be regarded as a constant for a given i, j, q, and assumes no light shifts from the low intensity probe.
Given the uncertainties in the exact polarization profile of the optical modes where the atoms are trapped, the mstate distribution of the atoms, and the degree to which a truncated Boltzmann distribution is a correct assumption, we qualitatively use the asymmetric profiles to estimate trapped atom number (see Fig. 4 ). We calculate an atom number of N ≃ 300 for T = 55 µK using the left and right tails of the absorption profile; this corresponds to OD = 8.4 with our calculated OD1 = 0.028. Based on our lowest transmission of 96.8 % (OD = 3.44) at a probe-detuning of 10 MHz, the absolute lower bound of trapped atom number is N = 123.
V. CONCLUSION
We realized an optical nanofiber atom trap for 87 Rb using the evanescent fields of 750 nm and 1064 nm beams, and find absorption profiles with much less symmetry than have been observed with Cs atoms. We qualitatively explain the asymmetric broadening behavior as arising from larger differential light shifts arising from the 5P 3/2 to upper transitions, which are larger in Rb than Cs. Using a model of the broadening, we estimate the number of trapped atoms.
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